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The re moval of 60Co and 90Sr from the aque ous phase was tested us ing red mud – the fine
grained res i due from baux ite ore pro cess ing. This in dus trial waste rep re sents a mix ture of nu -
mer ous min er als, mainly ox ides and hy drox ides of Fe, Al, Si, and Ti. Ex per i ments were con -
ducted as a func tion of con tact time, pH, and pol lut ant con cen tra tions. Ki netic data were well 
fit ted with a pseudo-sec ond or der equa tion. The cal cu lated rate con stants and ini tial sorp tion
rates in di cated faster sorp tion of Sr2+ ions. Re moval of both cat ions rap idly in creased with
the ini tial pH in crease from 2.5 to 3.5. With the fur ther in crease of pH, Co2+ sorp tion was
nearly  con stant  (98%-100%),  whereas  Sr2+  re moval  re mained at the same level to ini tial
pH ∼8 and grad u ally in creased to 100% at pH 12. Equi lib rium sorp tion data fol lowed the
Langmuir model, with the max i mum sorp tion ca pac i ties of 0.52 mmol/g for Co2+ and 0.31
mmol/g for Sr2+. Sorbed cat ions ex hib ited high sta bil ity in dis tilled wa ter. Desorption of
Co2+ was also neg li gi ble in the pres ence of the com pet ing Ca2+ cat ion, while 42%-25% of
Sr2+ ions were desorbed de pend ing on the pre vi ously sorbed amount. The re sults in di cate
that red mud is of po ten tial sig nif i cance as Co2+ and Sr2+ im mo bi li za tion agent due to its high
ef fi ciency, abun dance, and low-cost.
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IN TRO DUC TION
The liq uid ra dio ac tive waste, con tain ing a va ri -
ety of ra dio ac tive iso topes, arises from the reg u lar op -
er a tion of nu clear power plants. In ad di tion, ac ci den tal 
re leases, dis man tle ment of in stru ments con tain ing ra -
dio iso topes and above ground nu clear test ing, also
con trib ute to the re lease of ra dio iso topes. The con tam -
i nated liq uids are com monly treated by fil tra tion, pre -
cip i ta tion, sorp tion, ion ex change, evap o ra tion, mem -
brane sep a ra tion, etc. [1]. Among the ra dio ac tive
met als, typ i cally pres ent in liq uid ra dio ac tive waste,
60Co and 90Sr are im por tant ones. 60Co is one of the
cor ro sion prod ucts gen er ated by neu tron ac ti va tion of
struc tural ma te ri als in nu clear re ac tors. Nearly all of
the long-lived ac tiv ity in the cool ant is due to 59Fe,
99Mo, and 60Co, fur ther more, ac tiv ity of the 60Co pre -
dom i nates in the post-shut down pe riod [2]. On the
other hand, 90Sr is com monly pro duced as a fis sion by -
prod uct of ura nium and plu to nium in nu clear power
plants and re search re ac tors [3]. While 60Co is a strong
gamma emit ter, 90Sr un der goes b– de cay.
The in creas ing prob lem of ra dio ac tive pol lu tion
re sults in con tin u ous de vel op ment of new and/or im -
proved ma te ri als and meth ods for liq uid ra dio ac tive
waste treat ment. Sorp tion by va ri ety of in or ganic and
or ganic ma te ri als is ac knowl edged as one of the sim -
ple and ef fec tive meth ods. These pro cesses are es pe -
cially eco nom i cal if nat u rally oc cur ring ma te ri als,
by-prod ucts and waste from var i ous in dus tries, can be
ap plied as sorbents [4]. As sorbents for Co and Sr cat -
ions, a va ri ety of ma te ri als have been tested, such as
ac ti vated car bon [5], ion ex change res ins [6], ben ton -
ite [7, 8], ze o lite [9, 10], ti ta nium ox ide [11], syn the -
sized in or ganic ion exchangers [12], tobermorite [13],
hydroxyapatite [14,15], sepio lite [16,17], etc. One of
the in dus trial wastes which gained a lot of at ten tion
over the last de cades is the so called “red mud”, an al -
ka line res i due of alu mina pro duc tion fol low ing the
Bayer pro cess [18]. Af ter al ka line di ges tion of baux ite
ore re main ing com po nents to gether with some newly
formed com pounds end ing up in red mud, there fore,
its com po si tion is ex tremely het er o ge neous in which
Fe, Al, Si, and Ti ox ides and hy drox ides pre vail. This
res i due is ex tremely fine in terms of par ti cle size and
strongly al ka line with the av er age re ported pH of
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10-13 [19]. Un der such pH con di tions, red mud par ti -
cles carry a neg a tive sur face charge due to ion iza tion
of sur face hydroxyl groups, and rep re sent a good ma -
trix for the sorp tion of cationic pol lut ants. Great ef -
forts have been put into de vel op ment of novel strat e -
gies for red mud uti li za tion, with the re moval of
pol lut ants from wa ter so lu tions be ing among the most
in ter est ing [18, 20, 21]. How ever, only a few stud ies
can be found in the lit er a ture re gard ing red mud uti li -
za tion for 60Co and 90Sr ions im mo bi li za tion [22, 23].
The fact that it can be eas ily so lid i fied in cementitious
or geopolymer ma trixes [24, 25] make it even more in -
ter est ing for con sid er ation in ra dio ac tive waste man -
age ment.
In the pres ent study, red mud from the “Bira~” Alu -
mina Fac tory (Bosnia and Herzegovina) was pre lim i nar -
ily tested as 60Co and 90Sr im mo bi li za tion agent. Dried
and pow dered red mud was ap plied with out the pre treat -
ment steps (such as wash ing, chem i cal, ther mal or com -
bined treat ments), in or der to ap ply its orig i nal high al ka -
lin ity fa vor able for cat ion re moval and to lower its
prep a ra tion costs. The goal of the study was an eval u a -
tion and com par i son of red mud ef fi ciency for Co2+ and
Sr2+ re moval un der var i ous con tact times, ini tial pH val -
ues and cat ion con cen tra tions. Leach ing of cat ions from
var i ously loaded sorbents was tested as well, in or der to
ex plore the sta bil ity of ob tained prod ucts.
MA TE RI ALS AND METH ODS
Red mud sorbent
The red mud was sep a rated from the ex cess al ka -
line li quor by de cant ing and dried at 105 °C. Prior to ex -
per i men tal work, the dried res i due was pow dered and
ho mog e nized with a mor tar and pes tle.
Chem i cal anal y sis of the sam ple showed that it
con sists of Fe2O3 (42.42%), Al2O3 (18.08%), SiO2
(12.62%), TiO2 (4.63%), CaO (2.86%), Na2O (8.92%),
and the loss of ig ni tion was 7.93% [26]. In the XRD
spec tra, he ma tite (Fe2O3), gibbsite and bayerite
(Al(OH)3), quartz (SiO2), sodalite (Na8Si6Al6O24Cl2),
cal cite (CaCO3), and both ana tase and rutile (TiO2),
were iden ti fied as main crys tal line phases [26].
Sorp tion ex per i ments
As the sub sti tutes for ra dio ac tive 60Co and 90Sr
ions, in ac tive ni trate salts of an a lyt i cal pu rity were
used (Co(NO3)2 6H2O, and Sr(NO3)2). The sorp tion
ex per i ments were car ried out in closed PVC bot tles,
by ag i tat ing sus pen sions con tain ing 0.1 g of sorbent
and 20 mL of ap pro pri ate so lu tion (solid to so lu tion ra -
tio 1:200). The sep a rate batches were ag i tated on a
hor i zon tal lab o ra tory shaker at room tem per a ture (20
± 1 °C). Var i ously con cen trated KOH and HNO3 so lu -
tions were used for the ad just ment of ini tial pH val ues,
us ing the InoLab WTW pH-me ter. Af ter spec i fied
time in ter vals, the solid res i dues were sep a rated from
the liq uid phase by centrifugation and fil tra tion. The
fi nal so lu tion pH val ues were mea sured.
The amounts of Co2+ and Sr2+ ions re moved
from the aque ous phase were cal cu lated as dif fer ences
be tween the ini tial con cen tra tions in work ing so lu -
tions and the re sid ual metal con cen tra tions af ter con -
tact with the sorbent. Cat ion con cen tra tions were de -
ter mined by In duc tively Cou pled Plasma-Atomic
Emis sion Spec trom e try (ICP-AES), us ing the ICP
Perkin Elmer Plasma 400 in stru ment. The work ing
wave lengths were 238.892 nm and 407.771 nm for
Co2+ and Sr2+, re spec tively, whereas the es ti mated de -
tec tion limit was 0.1 mg/L for both cat ions.
The in flu ence of con tact time
The ef fect of con tact time on the amount of cat -
ions re moved was de ter mined by equilibrating the red
mud with 2⋅10–3 mol/L Co2+ and Sr2+ so lu tions, at an
ini tial pH 5. Nine iden ti cal batches for each sys tem
were pre pared and placed on the shaker. At dif fer ent
time in ter vals (from 5 min to 48 h) one of the batches
was taken for solid/liq uid sep a ra tion. In or der to mon i -
tor the pH changes in the ab sence of Co2+ and Sr2+, the
blank ex per i ment was also per formed us ing dis tilled
wa ter at ini tial pH 5.
The in flu ence of so lu tion pH
The ef fect of pH on Co2+ and Sr2+ sorp tion by red 
mud was screened us ing a so lu tion with con stant ini -
tial cat ion con cen tra tion (2⋅10–3 mol/L) and vari able
pH, ad justed in the wide range from 2.5 to 12. Based
on the re sults of ki netic ex per i ments, the con tact time
was set at 48 h, to as sure equi lib rium con di tions. The
blank ex per i ment, with dis tilled wa ter at dif fer ent ini -
tial pH, was also per formed. 
The in flu ence of ini tial
Co2+ and Sr2+ con cen tra tions
The ef fect of the ini tial cat ion con cen tra tion was
an a lyzed in the Co2+ and Sr2+ con cen tra tion range
from 10–4 to 6⋅10–3 mol/L. Ini tial pH value of each
batch was ad justed to 5 prior to sorbent ad di tion. Re -
sid ual cat ion con cen tra tions and equi lib rium pH val -
ues were de ter mined af ter 48 h of con tact time.
Desorption of Co2+ and Sr2+
Var i ously loaded sorbents ob tained af ter the ex -
per i ment pre sented in the pre vi ous section  were dried
at 105 °C, and sub mit ted for se quen tial ex trac tion.
Res i dues were firstly equil i brated with 20 mL of dis -
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tilled wa ter, and sub se quently with 20 mL of 0.5 mol/L
Ca(NO3)2 so lu tion at pH 6. Sus pen sions were shaken
for 24 h. Leached metal con cen tra tions and fi nal pH
val ues were mea sured af ter each step.
RE SULTS 
Co2+ and Sr2+ sorp tion ex per i ments
Ef fect of con tact time
The amounts of Co2+ and Sr2+ sorbed at var i ous
time in ter vals are pre sented in the fig. 1(a). Both cat -
ions ex hib ited two-step sorp tion ki net ics onto red
mud: a rapid ini tial step in the first 6 h of con tact, fol -
lowed by the slower sorp tion of Co2+ and Sr2+ ions in
the next 42 h. Sorp tion of Sr2+ ions was faster than
Co2+ at the pro cess be gin ning and the equi lib rium was
reached af ter 24 h. On the other hand, amounts of im -
mo bi lized Co2+ in creased slightly dur ing the sec ond
day of equil i bra tion. Red mud sep a rated Co2+ ions
from the so lu tion more ef fi ciently than Sr2+ (97% and
79%, re spec tively, at equi lib rium). 
Changes of pH, mon i tored dur ing the course of
the re ac tion, are pre sented in fig. 1(b). In the ab sence
of in ves ti gated cat ions, pH rap idly in creased from ini -
tial pH 5 to above 9, and with the slight fluc tu a tions re -
mained at pH ~9.5 in the stud ied time in ter val. Since
the sorbent was pre pared with out prior wash ing or
neu tral iza tion, high pH val ues are prin ci pally due to
the pres ence of NaOH added in the Bayer pro cess. Al -
though in stan ta neous pH in crease was also no ticed us -
ing Co2+ and Sr2+ so lu tions, fi nal pH val ues were con -
sid er ably lower than in the blanks. Some what higher
pH val ues were de tected for Sr2+ con tain ing so lu tions
at shorter con tact times, but at the end of the pro cess
com pa ra ble equi lib rium pH val ues of ~7.2 were ob -
tained for both cat ions. The ex per i men tal data were
fit ted us ing a pseudo-sec ond or der equa tion [27], in
the fol low ing lin ear form
t
q k q q
t
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

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2
2
(1)
where k2 [g mmol–1min–1] is the pseudo-sec ond or der rate 
con stant, qe [mmol g–1] – the amount of Co2+ or Sr2+
sorbed at equi lib rium, and qt – the amount of cat ion
sorbed at any time t. Af ter lin ear fit ting and de ter mi na tion 
of k2 and qe, the ini tial sorp tion rates h [mg g–1 min–1],
were cal cu lated when t→0, us ing equa tion
h k qe= 2
2 (2)
The re sults of lin ear fit ting and cal cu lated ki netic 
pa ram e ters are pre sented in fig. 2, and tab. 1.
High cor re la tion co ef fi cients (R2) sug gest good
agree ment be tween ex per i men tal data and the the o ret -
i cal model. Like wise, the qe val ues cal cu lated by eq. 1
are close to the ones de ter mined ex per i men tally. 
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Fig ure 1. Ef fect of con tact time be tween red mud and Co2+
or Sr2+ con tain ing so lu tions (ini tial cat ion con cen tra tion
2⋅10–3 mol/L, ini tial pH 5, sorbent dose 0.1 g/20 mL,
tem per a ture 20 °C) on: (a) amounts of Co2+ and Sr2+
cat ions sorbed, (b) fi nal so lu tion pH val ues. The lines
con nect ing data points do not rep re sent any fit ting
Fig ure 2. Pseudo-sec ond or der ki netic model of Co2+ or
Sr2+ sorp tion by red mud as a func tion of con tact time
Ef fect of ini tial pH
The pH pro file of Co2+ and Sr2+ sorp tion by red
mud is pre sented in fig. 3(a). The sharp in crease in
sorp tion with the in crease of pH val ues be tween 2.5
and 3.5 was com mon for both cat ions. In the ini tial pH
range 4-8 sorp tion was con stant (98% and 76%, re -
spec tively for Co2+ and Sr2+). At pH  > 8, com plete re -
moval of Co2+ was achieved, whereas Sr2+ sorp tion
grad u ally in crease reach ing 100% at pH 12.
From fig. 3(b) the re la tion ships be tween ini tial
and fi nal pH val ues can be ob served. In the blank so lu -
tion, fi nal pH val ues in creased rap idly along with the
ini tial ones in the nar row range 2.5-3.5. The pla teau
oc curred in the ini tial range ~3.5-~10, while for the
ini tial pH >10 fi nal pH in creased again. At the pla teau,
pH value of 9.5 was char ac ter is tic for the blank so lu -
tion. Us ing Co2+ and Sr2+ con tain ing so lu tions, fi nal
pH val ues were mu tu ally com pa ra ble up to pH 8.
How ever, these val ues were con sid er ably lower when
com pared to the blanks. For the ini tial pH >8, the fi nal
pH in creased more rap idly in Co2+ so lu tions.
Ef fect of ini tial Co2+ and
Sr2+ con cen tra tions
Re moval ef fi cien cies of Sr2+ and Co2+ ions by
red mud as a func tion of ini tial cat ion con cen tra tions
are pre sented in fig. 4(a). The quan ti ties of sorbed
Co2+ were gen er ally higher than for Sr2+. Fur ther more, 
no de tect able amounts of Co2+ were found af ter red
mud con tact with so lu tions of ini tial Co2+ con cen tra -
tion in the range 10–4-10–3 mol/L. The ef fi ciency of
Co2+ sorp tion de creased from 100% to 45% when the
en tire in ves ti gated range of con cen tra tions is con sid -
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Ta ble 1. Sorp tion ki net ics pa ram e ters ob tained us ing the
pseudo-sec ond or der model
Cat ion
qe k2 h R2
[mmolg–1] [mgg–1] [g/(mmol min)] [mmol/(g min)]
Sr2+ 0.32 28.3 0.101 0.010 0.999
Co2+ 0.36 21.3 0.037 0.004 0.998
Fig ure 3. Ef fect of ini tial so lu tion pH val ues on:
(a) re moval ef fi ciency of Co2+ and Sr2+ cat ions by red
mud, (b) fi nal so lu tion pH. Ini tial cat ion con cen tra tion
2⋅10–3 mol/L, sorbent dose 0.1 g/20 mL, con tact time 48 h,
tem per a ture 20 °C. The lines con nect ing data points do
not rep re sent any fit ting
Fig ure 4. Ef fect of ini tial cat ion con cen tra tion on:
(a) re moval ef fi ciency of Co2+ and Sr2+ cat ions by red
mud, (b) fi nal so lu tion pH. Ini tial pH 5, sorbent dose 0.1
g/20 mL, con tact time 48 h, tem per a ture 20 °C
ered, while Sr2+ sorp tion ef fi ciency de creased from
92% to 27%.
In creas ing metal sorp tion pro voked lower equi -
lib rium pH val ues, fig. 4(b). In fig. 5(a) the iso therms
of Co2+ and Sr2+ sorp tion are pre sented as the re la tion -
ships be tween equi lib rium cat ion con cen tra tions in the 
solid and in the liq uid phases. With the in crease of pol -
lut ant con cen tra tion, sat u ra tion of avail able sur face
sites led to al most con stant Co2+ and Sr2+ re moval, de -
fined as a max i mum sorp tion ca pac ity for a par tic u lar
cat ion.
The Langmuir eq. [28], most com monly used for 
the de scrip tion of sorp tion pro cesses, was tested in the
pres ent study us ing the fol low ing lin ear form
C
q K q
C
q
e
e L m
e
m
= +
1 (3)
where qe [mmol g–1] is the amount of metal ion sorbed
at equi lib rium per gram of sorbent, Ce [mmol L–1] – the 
equi lib rium con cen tra tion of metal ion in the so lu tion ,
qm and KL the Langmuir model con stants re lated to
sorbent ca pac ity and af fin ity, re spec tively.
Fig ure 5(b) shows the re sults of equi lib rium data fit -
ting, whereas cal cu lated pa ram e ters are pre sented in tab. 2.
The qual ity of the iso therm fit is typ i cally as -
sessed based on the mag ni tude of the re gres sion co ef -
fi cient. Since the R2 val ues are close to unity for both
metal cat ions, it ap pears that Langmuir model ac cept -
ably fit the ex per i men tal data over the in ves ti gated
con cen tra tion range. At the given ex per i men tal con di -
tions, the max i mum sorp tion ca pac ity of red mud was
0.52 mmol/g for Co2+ and 0.31 mmol/g for Sr2+.
Desorption of Co2+ and Sr2+
The re sults of leach ing ex per i ments are pre -
sented in fig. 6. Co balt con cen tra tions in the aque ous
phase were be low the de tec tion limit, re gard less of the
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Fig ure 5. (a) Sorp tion iso therms of Co2+ and Sr2+ ions on
red mud. Ini tial pH 5, sorbent dose 0.1 g/20 mL, con tact
time 48 h, tem per a ture 20 °C, (b) Ex per i men tal data
fit ting us ing the lin ear Langmuir equa tion
Ta ble 2. Equi lib rium sorp tion pa ram e ters de ter mined
by the Langmuir model
Cat ion
qm KL
[Lmmol–1] R
2
[mmolg–1] [mgg–1]
Sr2+ 0.31 27.2 91.74 0.986
Co2+ 0.52 30.6 41.15 0.996
Fig ure 6. (a) Per cent ages of Co2+ and Sr2+ ions desorbed
in dis tilled wa ter (D. W.) and 0.5 mol/L Ca2+, as a func tion 
of sorbed cat ion amounts, (b) pH val ues mea sured af ter
con sec u tive ex trac tion steps
pre vi ously sorbed quan tity fig. 6(a). More over, Co2+
ex hib ited high sta bil ity in Ca2+ con tain ing so lu tion
(max i mum desorption 1.6%).
Stron tium cat ions desorption in dis tilled wa ter
was also very low, i. e. up to 1% in re la tion to the pre vi -
ously sorbed quan tity fig. 6(a). On the other hand,
Ca2+ ions acted as strong com pet i tors, dis plac ing con -
sid er able amounts of Sr2+ back into the so lu tion. Per -
cent ages of leached Sr2+ gen er ally showed a de creas -
ing de pend ence on the amount of sorbed cat ion
(42%-25%, with in creas ing load).
Fi nal pH ranges were 7.7-7.0, and 6.4-6.7, re -
spec tively, for wa ter and Ca2+ con tain ing so lu tions af -
ter equil i bra tion with Co-loaded sorbents fig. 6(b). In
the case of Sr-loaded sorbents, fi nal pH val ues were
higher or sim i lar to the ones de tected in Co-con tain ing
sys tems (8.1-7.9 in dis tilled wa ter, 6.5-6.6 in Ca2+ so -
lu tion).
DIS CUS SION
Anal y sis of the re sults ob tained un der var i ous
ex per i men tal con di tions en ables the eval u a tion and
com par i son of red mud ef fec tive ness for Co2+ and Sr2+
im mo bi li za tion. Based on mac ro scopic ev i dence, the
pos si ble sorp tion mech a nisms can also be pro posed.
Ki netic ex per i ments have re vealed that sorp tion
of Sr2+ was faster in re spect to Co2+, with higher cal cu -
lated pseudo-sec ond or der rate con stant and ini tial
sorp tion rate (tab. 1). The equi lib rium state was
achieved more rap idly in the Sr2+ con tain ing sys tem
but the equi lib rium sorbed amount was lower. To our
knowl edge, there is no com par a tive study of Co2+ and
Sr2+ sorp tion ki net ics on the same red mud sam ple. In
the work of Apak et al. [22], Sr2+ sorp tion ki net ics on
var i ously treated red mud sam ples was not shown,
how ever, it was stated that the equi lib rium state was
reached within 4 h un der ap plied mix ing con di tions.
Nadaroglu and Kalkan [23] found that Co2+ sorp tion
onto washed and sub se quently acid ac ti vated red mud
reached its max i mum af ter 15 min of con tact and then
de creased, but no ex pla na tion of this phe nom e non has
been of fered.
In our study, so lu tion pH rose rap idly at the be -
gin ning of the pro cess but it is im por tant to no tice that
pH val ues were by ap prox i mately 2 pH units lower
com pared to the blank so lu tion at any spec i fied time
in ter val, fig. 1(b). pH de crease re lated to cat ion sorp -
tion in di cates a re lease of pro tons ei ther by ligand ex -
change (sorbing cat ion re places the pro tons on the sur -
face of the sorbent, eqs. 4 and 5) or by hy dro ly sis
re ac tions, when pro tons are re leased from the
hydration sphere of aque ous cat ions prior or dur ing the 
sorp tion (eqs. 6 and 7) [29]
XOH M XOM H2+ ↔ ++ + + (4)
2XOH M XO) M H2 2+ ↔ +
+ +( 2 (5)
M H O M(OH) H2 2
+ + ++ ↔ + (6)
M H O M(OH) H2 2 2
+ ++ ↔ +2 2 (7)
where X de notes struc tural cat ion such as Fe, Al, Si,
Ti, etc.
In aque ous so lu tions at con cen tra tions of less
than 0.1 mol/L, di va lent co balt is pres ent dom i nantly
as the hexaaquo com plex Co(H2O) 6
2+  at pH  < 8, while
at higher pH prin ci pally in the form of hy dro ly sis
prod ucts [30]. Pre cip i ta tion of Co(OH)2 starts at pH
~8 [14, 31]. On the other hand, di va lent stron tium is
typ i cally co-ordinated by 8 wa ter mol e cules [29] and it 
is not sus cep ti ble to hy dro ly sis un der a range of pH
used in this study [31]. Con sid er ing that time de pend -
ant fi nal pH val ues were <8, re place ment of sur face H+
ions by sorbing metal cat ions is likely to oc cur (eqs. 4
and 5). 
The in crease of ini tial pH led to higher re moval
ef fi cien cies, fig. 3(a). In the acidic pH re gion, sorp tion
by red mud is gen er ally sup pressed by the pres ence of
com pet ing H+ ions, as well as by dis so lu tion of the
sorbent con stit u ents such as sodalite and cal cite, and
the over all pos i tive sur face charge [32]. Stron tium im -
mo bi li za tion was more af fected in acidic me dia, i. e.
the re moval ef fi ciency at ini tial pH 2.5 was 9% for Sr2+
while 38% for Co2+ ions. The neu tral iza tion ca pac ity
of un treated red mud was dem on strated by a sig nif i -
cant in crease of acidic ini tial pH val ues to near neu tral
or neu tral equi lib rium pH, fig. 3(b). For com par i son,
washed and acid treated red mud from Tur key ex hib -
ited low Co2+ sorp tion ef fi ciency in the acidic me dia
(up to 12% at ini tial pH 3) [23], as a re sult of neu tral -
iza tion and par tial dis so lu tion of ma jor buff er ing min -
er als dur ing the treat ment.
In the ini tial pH range 4-8, buff er ing ef fect of red 
mud led to the con stant fi nal pH val ues and con se -
quen tial con stant amounts of Co2+ re moved from the
so lu tion, fig. 3(a). Con sid er ing pH de pend ant Co2+
speciation, sorp tion of Co(OH)+ and pre cip i ta tion of
in sol u ble Co(OH)2 are likely to oc cur at pH > 8. Im -
proved Sr2+ im mo bi li za tion in the re gion of al ka line
ini tial  pH cor re lates  with  the  rise of equi lib rium pH,
i. e. with the pro gres sive dis so ci a tion of sur face
hydroxyl groups and de vel op ment of neg a tive sur face
charge [18, 20].
The val ues of max i mum sorp tion ca pac i ties (tab.  
2) im ply higher af fin ity of the sorbent to wards Co2+
ions. This is in agree ment with the gen eral ob ser va tion 
that equi lib rium con stants for cat ion sorp tion and
quan ti ties of spe cif i cally sorbed ions onto the hy drous
metal ox ide sur faces are cor re lated with the first hy -
dro ly sis con stants of the cat ions, as well as with their
ionic po ten tials (de fined as the square of the cat ion
charge di vided by the ra dius of the cat ion, Z2/r) [29].
The lower value of the first hy dro ly sis con stant
(logKCoOH = 9.6 and logKSrOH = 13.3) and the higher
ionic po ten tial (4.55 and 3.03 for Co2+ and Sr2+, re -
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spec tively) in di cate the higher ten dency of Co2+ to
form in ner-sphere sur face com plexes.
The shape of the iso therm pro vides some ba sic
in for ma tion about the na ture of the sorbent sur face and 
the sorbate in ter ac tions. Giles et al. [33] have clas si -
fied sol ute ad sorp tion iso therms into four main types
pri mar ily by their ini tial shape and slope: Langmuir
(L)-type with an ini tial con cav ity to the con cen tra tion
axis, H-type with an ap par ent in ter cept on the or di -
nate, S-type with an ini tial convexing to the con cen tra -
tion axis, and C-type with an ini tial lin ear por tion. In
the stud ied con cen tra tion range, the Sr2+ iso therm be -
longs to the L-group, fig. 5(a). The ra tio be tween the
con cen tra tion of the cat ion re main ing in so lu tion and
sorbed on the solid de creased with the in crease of cat -
ion con cen tra tion, lead ing to a pro gres sive sat u ra tion
of the red mud. On the other hand, Co2+ sorp tion iso -
therm can be as signed to the H-group (high af fin ity),
char ac ter ized by the to tal re moval of the sol ute from
the so lu tions of dif fer ent ini tial con cen tra tions. Ex -
tremely strong sorp tion in the lower con cen tra tion
range is a re sult of the sur face complexation mech a -
nism of the in ner-sphere type and/or the sorbate pre -
cip i ta tion. In our study, for lower Co2+ con cen tra tions
(10–4-10–3 mol/L) red mud al ka lin ity caused fi nal pH
val ues above Co(OH)2 pre cip i ta tion thresh old, there -
fore the Co2+ re moval from the aque ous phase can be
re lated to the pre cip i ta tion of in sol u ble hy drox ide.
Desorption tests were con ducted to ex plore the
sta bil ity of ob tained prod ucts, which is an im por tant
is sue from the as pects of spent sorbent han dling and
dis posal. Fur ther more, the re sults can sup port the con -
clu sions about the main sorp tion mech a nisms. The
amount of cat ions leached in the wa ter so lu tion was
neg li gi ble, fig. 6(a). The pH val ues mea sured af ter the
first desorption step were in the range of 7-8, fig. 6(b),
thus the caus tic na ture of red mud played an im por tant
role in terms of sorbed metal sta bil ity. Fur ther more,
sorbed Co2+ can not be eas ily re leased by co ex ist ing
Ca2+ ions and in creased ionic strength of the sur round -
ing me dium. This con firms that in ner-sphere com plex
for ma tion and/or pre cip i ta tion/co-pre cip i ta tion are
dom i nant mech a nisms of Co2+ im mo bi li za tion by red
mud. The amount of desorbed Sr2+ was af fected by the
pres ence of Ca2+, which sig ni fies that a frac tion of the
to tal sorbed amount was at tached to the solid sur face
by rel a tively weak elec tro static in ter ac tions and the
ion-ex change mech a nism. Nev er the less, a large
amount of Sr2+ (58%-75%, de pend ing on the ini tially
sorbed quan tity) was re tained by stron ger bonds, most
likely by spe cific cat ion sorp tion, i. e. in ner-sphere
com plex for ma tion. This is in agree ment with the re -
sults of Sr2+ sorp tion ex per i ments per formed us ing
washed, acid treated and heat treated red mud sam ples, 
which in di cated that the pri mary mode of Sr2+ sorp tion 
onto red mud was spe cific sorp tion while the sec ond -
ary mode was ion-ex change [22]. It was ob served that
the red mud sorp tion ca pac ity was re duced af ter the
heat treat ment, and given that high tem per a ture was
det ri men tal for – SOH sur face sites, these sites were
rec og nized as the most re spon si ble for high Sr2+ af fin -
ity. Con clu sions about sorp tion mech a nisms have to
be ver i fied, par tic u larly on the mi cro scopic level uti -
liz ing in stru men tal anal y ses.
Ca pac i ties of some min eral and waste de rived
sorbents are sum ma rized in tab. 3. 
The max i mum amounts of Co2+ and Sr2+ sorbed 
per gram of added red mud are higher in re spect to the
val ues re ported for nat u rally oc cur ring min er als
(clinoptilolite, ben ton ite, sepio lite, mont mo ril lo nite)
and syn thetic hydroxyapatite, at sim i lar ini tial pH
(5-6). The red mud from Tur key, ap plied af ter wash -
ing and acid ac ti va tion, ex hib ited the ca pac ity of
31.05 mg /g (0.53 mmol/g) for Co2+ at pH 5.5, which
is com pa ra ble to the value ob tained in this study.
Tobermorite de rived from news print re cy cling com -
bus tion ash ex hib ited ca pac i ties lower than red mud,
how ever it should be noted that the work ing ini tial
pH was 1. On the other hand, ze o lite de rived from fly
ash ex hib ited sub stan tially higher ca pac i ties for both
cat ions even at lower pH (3.5). Uti li za tion of abun -
dant min ing and in dus trial by-prod ucts is ben e fi cial
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Ta ble 3. Max i mum sorp tion ca pac i ties of some min eral and waste de rived sorbents
Sorbent Cat ion Ini tial pH qm [mmolg–1] [Ref.]
Clinoptilolite Sr
2+
Co2+ 5
0.11
0.05 [10]
Ben ton ite Co2+ 5 0.14 [34]
Sepio lite Sr
2+
Co2+ 5.6
0.20
~0.25
[16]
[17]
Mont mo ril lo nite Sr
2+
Co2+ 6.0
0.19
0.27 [31]
Hydroxyapatite Sr
2+
Co2+
5.0
5.0
0.25
0.35
[15]
[14]
Waste de rived tobermorite Sr
2+
Co2+ 1.0
0.017
0.117 [13]
Ze o lite de rived from fly ash Co2+ 3.5 1.597-1.871 [35]
Red mud
washed/acid treated Co
2+ 5.5 0.53 [23]
Red mud Sr
2+
Co2+ 5.0
0.31
0.52 This study
in re spect to sorbents ob tained by min eral ex ca va tion
or syn thetic routes, due to eco nomic fea si bil ity and
waste re duc tion. Con sid er ing the fact that the red
mud was ap plied with out treat ment or ac ti va tion
steps, ca pac i ties for Co2+ and Sr2+ im mo bi li za tion are 
prom is ing. 
CON CLU SIONS
The pos si bil ity of red mud revalorization was
tested, through its ap pli ca tion as a sorbent for ra dio ac -
tive con tam i nants 60Co and 90Sr. The cat ion re moval
from aque ous me dia was stud ied in batch con di tions
by vary ing the ma jor pro cess pa ram e ters. Red mud ex -
hib ited high re moval ef fi cien cies over a range of ex -
per i men tal con di tions. Com pared to Co2+, sorp tion of
Sr2+ ions was found to be faster and more sen si tive to
acidic me dia. The max i mum sorp tion ca pac i ties of
0.31 mmol/g for Sr2+ and 0.52 mmol/g for Co2+ were
ob tained. Cat ion sorp tion was fol lowed by a sub stan -
tial de crease of so lu tion pH in com par i son with the
blank so lu tions. Spent sorbents loaded with dif fer ent
amounts of cat ions ex hib ited high sta bil ity in dis tilled
wa ter, while in the Ca2+ con tain ing so lu tions Sr2+
desorption was pro nounced. Tak ing into con sid er ation 
ex per i men tal re sults from both sorp tion and
desorption ex per i ments, as well as pH de pend ant cat -
ion speciation, it can be pro posed that im mo bi li za tion
of Co2+ took place mainly by for ma tion of in -
ner-sphere sur face com plexes and Co(OH)2 pre cip i ta -
tion. Sr2+ re moval from aque ous phase oc curred pri -
mar ily by spe cific sorp tion mech a nisms, whereas
ion-ex change and elec tro static in ter ac tions are in di -
cated as bond ing mech a nisms of sec ond ary sig nif i -
cance. Red mud ca pac ity for the re moval of Co2+ and
Sr2+ was higher in re spect to the per for mance of many
nat u rally oc cur ring min eral sorbents. The re sults in di -
cate that red mud is of po ten tial sig nif i cance as Co2+
and Sr2+ im mo bi li za tion agent due to its high ef fi -
ciency, abun dance and low-cost.
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Jelena P. MARKOVI], Nikola S. VUKELI]
IMOBILIZACIJA  JONA  60Co I 90Sr  UPOTREBOM  CRVENOG
MUQA  IZ  INDUSTRIJE  ALUMINIJUMA
Ispitana je mogu}nost uklawawa jona 60Co i 90Sr iz te~ne faze pomo}u crvenog muqa ‡
sitnozrnog otpadnog materijala koji nastaje preradom rude boksita. Ovaj industrijski otpad
predstavqa sme{u vi{e mineralnih vrsta, uglavnom oksida i hidroksida Fe, Al, Si i Ti.
Eksperimenti su sprovedeni u funkciji vremena kontakta, pH i koncentracije zaga|iva~a.
Rezultati kineti~kih eksperimenata su dobro fitovani jedna~inom pseudo-drugog reda.
Izra~unate vrednosti konstante brzine reakcije i inicijalne brzine sorpcije ukazuju na br`u
sorpciju jona Sr2+. Uklawawe oba katjona skokovito raste sa porastom inicijalne pH vrednosti u
opsegu od 2.5 do 3.5. Sa daqim porastom pH vrednosti, sorpcija Co2+ jona je ujedna~ena (98% -100%),
dok je uklawawe jona Sr2+ konstantno do pH ∼8, a zatim postepeno raste dosti`u}i 100% na pH 12.
Rezultati dobijeni za sorpciju u ravnote`nim uslovima se mogu dobro opisati Langmuirovim
modelom, sa maksimalnim sorpcionim kapacitetima od 0.52 mmol/g za Co2+ i 0.31 mmol/g za Sr2+.
Sorbovani katjoni su pokazali visoku stabilnost u destilovanoj vodi. Desorpcija Co2+ jona je veoma 
niska i u rastvoru kompetitivnih Ca2+ jona, a koli~ina desorbovanih Sr2+ jona varira od 42% do 25% 
u zavisnosti od prethodno sorbovane koli~ine. Dobijeni rezultati ukazuju na potencijalni zna~aj
crvenog muqa kao imobilizacionog agensa za jone Co2+ i Sr2+, zahvaquju}i visokoj efikasnosti,
rasprostrawenosti i niskoj ceni.
Kqu~ne re~i:  90Sr, 60Co, imobilizacija, crveni muq
